Transgenic expression of mutant superoxide dismutase-1 (SOD1) produces an animal model of amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative disorder. We have previously shown that the mitochondrial-dependent programmed cell death (PCD) pathway, including the redistribution of Bax, the cytosolic release of cytochrome c, and the activation of caspase-9, is recruited during neurodegeneration in spinal cords of transgenic mutant SOD1 mice. Herein, we show that the pro-PCD protein Bid is highly expressed in spinal cords of both wild-type and transgenic mutant SOD1 mice. While full-length Bid is found in the spinal cord of the two groups of mice, its cleaved form is only seen in transgenic mutant SOD1 mice, as early as the beginning of symptoms. In contrast, activated caspase-8, which is known to cleave Bid, is detected only at the end-stage of the disease. We also found that the expression of a dominant negative mutant of caspase-1 attenuates Bid cleavage as well as the mitochondrial release of cytochrome c, and the ensuing activation of caspase-9 and -3 in spinal cords of transgenic mutant SOD1 mice. These findings suggest that Bid cleavage may occur in this model by a pathway other than caspase-8 and shed light onto the molecular correlates of the previously reported beneficial effect of caspase-1 inhibition in transgenic mutant SOD1 mice.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a neurological disease characterized by a progressive loss of motor neurons (Rowland, 1995) . To date, mechanical ventilation and, to a lesser extent, riluzole, a glutamate inhibitor, are the only approved therapies that prolong the lives of ALS patients (Rowland, 1995) . Important insights into ALS pathogenesis come from the discovery that missense mutations in superoxide dismutase-1 (SOD1) are linked to familial ALS Rosen et al., 1993) and that overexpression of different SOD1 mutants in mice replicate the clinical and pathological hallmarks of ALS (Julien, 2001) . Mutant SOD1 (mSOD1) cytotoxicity is not triggered by a loss of enzymatic activity or by a dominant negative mechanism, but by a gain of function of unknown nature (Julien, 2001) . Mounting evidence indicates that mSOD1-induced demise of spinal cord motor neurons involves, at least in part, programmed cell death (PCD) (Julien, 2001) . Indeed, several studies, including our own, show that the mSOD1-mediated death signal upsets the balance between cell death antagonists (e.g., Bcl-2, Bcl-x L ) and cell death agonists (e.g., Bax, Bak) of the Bcl-2 family (Martin, 1999; Vukosavic et al., 1999) . In response to these changes, mitochondrial cytochrome c is released and caspase-9 is activated in spinal cords of transgenic mice expressing mSOD1 G93A (SOD1 G93A ) (Guégan et al., 2001) ; these are two key molecular events of the mitochondrial-dependent PCD pathway (Gottlieb, 2000) , which occur in many pathological situations. The recruitment of this mitochondrial-dependent PCD pathway in transgenic mSOD1 mice is associated with the subsequent activation of effector caspase-3 and caspase-7 (Guégan et al., 2001; Li et al., 2000; Vukosavic et al., 2000) , which ultimately may participate in the actual demise of spinal cord motor neurons. The rele-vance of this proposed scenario in the pathogenesis of ALS is supported by the demonstrations that Bcl-2 overexpression and caspase inhibition, by targeting key steps of PCD, prolong survival in transgenic mSOD1 mice and mitigate neurodegeneration in these animals (Kostic et al., 1997; Li et al., 2000) .
In keeping with the above outlined cascade of events, it must be added that Bid, a BH3-domain-only Bcl-2 family member, has emerged as indispensable in the release of mitochondrial cytochrome c and in the ensuing activation of downstream caspases and cell death in many pathological settings (Eskes et al., 2000; Korsmeyer et al., 2000; Wei et al., 2001; Zhao et al., 2001) . Herein, we show that the pivotal pro-PCD protein Bid is highly expressed and cleaved in spinal cords of affected transgenic SOD1 G93A mice contemporaneously to the translocation of cytochrome c and the activation of caspase-9. We also present data suggesting that, in contrast to other model systems, caspase-1 and not caspase-8 may be the primary activator of Bid in transgenic SOD G93A mice. These findings shed light onto the molecular correlates of the previously reported beneficial effect of caspase-1 inhibition in transgenic SOD1 G93A mice (Friedlander et al., 1997a; Li et al., 2000) and advocate for an instrumental role of caspase-1-mediated Bid activation in ALS neurodegenerative process.
RESULTS

Bid Expression and Cleavage in Transgenic mSOD1 Mice
To determine the role of Bid in mSOD1-mediated neurodegeneration, we first assessed bid mRNA and Bid protein expression in spinal cords of transgenic SOD1 G93A mice. Compared to nontransgenic littermates, transgenic SOD1 G93A mice exhibited similar spinal cord bid mRNA content prior to any symptoms, but the content steadily rose thereafter, reaching a maximum in severely paralyzed mice (i.e., ϳ5-month-old end-stage mice) (Figs. 1A and 1B) . Contrasting with bid mRNA alterations, its translational product, i.e., full-length Bid protein, detected by Western blot as a single band of ϳ25 kDa did not show any obvious difference between spinal cords of nontransgenic and transgenic SOD1 G93A mice at the different disease stages studied (Fig. 1C) . However, truncated Bid (t-Bid), which resolves with an apparent molecular mass of ϳ16 kDa and represents the most biologically active form of Bid, was unequivocally observed in spinal cords of early symptomatic (i.e., by ϳ3 months of age) and end-stage transgenic
SOD1
G93A mice (Fig. 1C ), but not in asymptomatic transgenic SOD1
G93A or in age-matched nontransgenic mice.
Spinal Cord Location of Bid in Transgenic mSOD1 Mice and Wild-Type Littermates
To provide more detailed information regarding the cellular localization of Bid, we examined spinal cords of both end-stage transgenic mSOD1 and age-matched wild-type mice by immunohistochemistry using an an-
FIG. 1. Expression and cleavage of Bid in transgenic mSOD1 mice.
(A and B) bid expression was analyzed by RT-PCR and compared with gapdh as internal control in whole spinal cords obtained from transgenic mutant SOD1 (mSOD1) mice (black bars) at asymptomatic stage (AS, ϳ1-month (M)-old), at early symptomatic stage (BS, beginning of symptoms, ϳ3-month-old), at end-stage (ES, ϳ5-month-old) and from their age-matched littermates (NTg, nontransgenic mice, white bars). Top panel (A) is representative of 4 to 6 animals per group. (B) The results were obtained from three independent PCR reactions, performed with two different RT. Values correspond to mean Ϯ SEM. *P Ͻ 0.01 using Student's t test versus age-matched nontransgenic mice. (C) The expression of Bid protein (full-length at 25 kDa) and of its cleavage product (at 16 kDa) was analyzed by Western blot using protein extracts of whole spinal cords obtained from transgenic mSOD1 mice at different ages and their age-matched nontransgenic littermates. Each lane corresponds to a different animal and is representative of four to six animals per group. tiserum directed against both full-length and cleaved Bid. In nontransgenic mice, numerous neurons immunoreactive for Bid were observed throughout the gray matter of the spinal cord ( Fig. 2A) . In end-stage transgenic mSOD1 mice, the greater the loss of motor neurons, the smaller the number of Bid immunoreactive neurons (Fig. 2B) , but many remaining spinal cord neurons in the anterior horn showed a more robust immunoreactivity (Fig. 2B, inset) . In the transgenic mice, Bid immunostaining was also seen in smaller cells with a glial morphology (Fig. 2B) . Although the number of neurons in the anterior horn was decreased and that of glial cells was increased, we found, using double immunostaining procedures, that the majority of the Bidpositive cells were neurons (Figs. 2C-2E ), while some were reactive astrocytes (Figs. 2F-2H) and none were activated microglia (not shown).
Activation of Caspase-8 in Transgenic mSOD1 Mice
Because caspase-8 is the established main mediator of Bid cleavage (Li et al., 1998) , we assessed the potential participation of this specific caspase in the mSOD1-induced neurodegenerative process and its temporal relationship with Bid activation in transgenic SOD1 G83A mice. Pro-caspase-8, the full-length inactive peptide, was detected in all nontransgenic and transgenic SOD1 G93A spinal cord samples (Fig. 3A) . Still, spinal cord levels of pro-caspase-8 were markedly lower in end-stage transgenic SOD1 G93A mice than in any other group studied (Fig. 3A) . Conversely, the activation of caspase-8, evidenced by the presence of the 43-and 26-kDa caspase-8 fragments, was detected in end-stage transgenic SOD1 G93A mice only (Fig. 3A) as was the rise in spinal cord caspase-8-related enzymatic activity (Fig.  3B ). These results provide compelling evidence that, while caspase-8 is indeed activated in spinal cords of transgenic SOD1
G93A mice over the course of the disease, it occurs essentially near end-stage.
Effect of Caspase-1 Inhibition on Bid Cleavage and Bax Translocation
The caspase-8 activation is in striking contrast to the much earlier detection of t-Bid and thus raises the possibility that Bid cleavage results from an alternative process in transgenic SOD1 G93A mice since Bid appears to be cleaved, at least in vitro, by several other caspases including caspase-1 (see Fig. 3A in Li et al. (1998) ). This could be quite relevant to the present study, since neuronal activated caspase-1 is detected very early during the course of the disease in transgenic SOD1 G93A mice and constitutes a chronic initiator of death in this model (Li et al., 2000; Pasinelli et al., 1998 Pasinelli et al., , 2000 Vukosavic et al., 2000) . To test whether caspase-1 is operative in the cleavage of Bid in this mouse model of ALS, transgenic SOD1 G93A mice were crossed with transgenic mice expressing the dominant negative mutant M17Z of caspase-1 (Friedlander et al., 1997b) . To avoid potential confounding actions of caspase-8, the effect of caspase-1 inhibition on Bid cleavage was analyzed at the early symptomatic stage, that is, prior to any evidence of caspase-8 activation in these animals. Transgenic expression of mutant M17Z in mice is an effective inhibitor of caspase-1 activation in vivo as demonstrated in a variety of neurological disease models (Friedlander, 2000) . Consistent with the above-presented results, tBid was detected in early symptomatic transgenic SOD1 G93A /-mice (Figs. 1C and 4A) . In contrast, t-Bid was only barely seen in age-matched transgenic SOD1 G93A /M17Z mice ( Fig. 4A ), which indicates that inhibition of caspase-1 by mutant M17Z attenuates the cleavage of Bid.
t-Bid acts in concert with mitochondrially located Bax within the mitochondrial-dependent PCD pathway (Crompton 2000; Desagher et al., 1999; Eskes et al., 2000; Korsmeyer et al., 2000; Wei et al., 2001; Zhao et al., 2001) . We thus wondered whether inhibition of caspase-1 could also hinder Bax redistribution from the cytosol to the mitochondria. As we previously demonstrated (Guégan et al., 2001) , cytosolic Bax content decreased whereas mitochondrial Bax content increased in spinal cords of transgenic SOD1 G93A /-mice over the course of the disease. Despite the chronic blockade of caspase-1, transgenic SOD1 G93A /M17Z mice showed the same time course and extent of spinal cord Bax translocation as transgenic SOD1
G93A /-mice (Figs. 4B and 4C). The
FIG. 4. Effect of caspase-1 inhibition on Bid cleavage and Bax translocation. (A)
The expression of Bid protein and its cleavage product was analyzed by Western blot using protein extracts of whole spinal cords obtained from early symptomatic transgenic mutant SOD1 (mSOD1) mice, double transgenic M17Z/mSOD1 mice, and their age-matched littermates expressing the dominant negative caspase-1 mutant (M17Z). (B and C) Bax levels were analyzed by Western blot in cytosolic (B) and mitochondrial (C) fractions of spinal cords from nontransgenic mice (NTg, gray bars), transgenic M17Z mice (white bars), double transgenic M17Z/mSOD1 mice (hatched bars), and transgenic mSOD mice (black bars). Proteins of both mitochondrial and cytosolic fractions were extracted from fresh spinal cords as previously described (Guégan et al., 2001 
Prevention of Cytochrome c Release by Caspase-1 Inhibition
Given the differential effects of caspase-1 inhibition on Bid cleavage and Bax translocation, we then examined whether, as in other cell systems (Wei et al., 2001; Yin et al., 1999) , the reduction of Bid processing modulates the recruitment of the mitochondrial-dependent PCD pathway in transgenic SOD1 G93A mice, in particular the subcellular redistribution of cytochrome c. As previously reported, during the course of the disease, spinal cord mitochondrial cytochrome c translocates to the cytosol in symptomatic transgenic SOD1 G93A /-mice and the cytosolic cytochrome c contents reach a peak at early symptomatic stage (Fig. 5) (Guégan et al., 2001) .
Cytochrome c levels in the cytosolic (Figs. 5A and 5B) and mitochondrial (Figs. 5C and 5D) fractions were significantly respectively lower and higher in agematched transgenic SOD1 G93A /M17Z mice compared to early symptomatic transgenic SOD1 G93A mice (Fig. 5 ) (Guégan et al., 2001) . Although no significant difference was detected in cytosolic and mitochondrial cytochrome c contents between 3-month-old transgenic M17Z mice and age-matched transgenic SOD1
G93A / M17Z, a slight mitochondrial translocation of cytochrome c to the cytosol was observed in transgenic SOD1 G93A /M17Z mice (Fig. 5 ).
Caspase-1 Inhibition Delays Caspase-9 and -3 Activation in Transgenic mSOD1 Mice
In light of the results presented above, we next assessed the effect of caspase-1 inhibition on caspase-9 and -3 activation in spinal cord of transgenic SOD1 G93A mice since caspase-9 is a key mediator of the mitochondrial-dependent PCD by which executioner caspase-3 is activated. As before (Guégan et al., 2001; Vukosavic et al., 2000) , we found that caspase-9 and -3 are activated in spinal cords of end-stage transgenic SOD1 G93A /-mice (Fig. 6) . Conversely, no caspase-9 and -3 activation was observed in age-matched transgenic SOD1 G93A /M17Z mice (Fig. 6) . Because transgenic SOD1 G93A /M17Z mice live longer than SOD1 G93A /-mice (Friedlander et al., 1997a) , it is important to mention that there was a frank activation of caspase-9 and caspase-3 in end-stage transgenic SOD1 G93A /M17Z mice (Fig. 6) . Accordingly, M17Z-mediated caspase-1 inhibition appears not to block but rather to delay the molecular cascade that presumably underlies the neurodegenerative process in transgenic SOD1 G93A mice.
DISCUSSION
In the present study, we show that Bid is highly expressed in spinal cord neurons of wild-type mice and in neurons and reactive astrocytes of affected transgenic SOD1 G93A mice. By Western blot analysis, we found that both groups of mice had high spinal cord contents of full-length Bid whereas evidence of cleaved Bid was only seen in spinal cords of transgenic SOD1 G93A mice. We also found that Bid cleavage occurred in a timedependent manner which paralleled the previously reported time course of Bax translocation, mitochondrial cytochrome c release, and caspase-9 activation in transgenic SOD1 G93A mice (Guégan et al., 2001 ). To our knowledge, this is the first demonstration of the cleavage of Bid protein during a neurodegenerative disease, which, in light of the growing recognized importance of this molecule in PCD, may represent a novel finding with far reaching implications. Consistent with this view, herein, we also demonstrate that the attenuation of Bid cleavage is associated with the prevention of the recruitment of key mitochondrial-dependent PCD factors. The present data thus suggest a pivotal role or both Bid and mitochondrial-dependent PCD mechanism in the overall molecular cascade of events involved in the degenerative process in this mouse model of ALS. Along this line, it is interesting to note that, like activated caspase-3 (Pasinelli et al., 2000) , Bid is found not only in spinal cord neurons, but also in reactive astrocytes in affected transgenic SOD1 G93A mice. Given the dependence of motor neurons on astrocytes to prevent excitotoxicity by rapid uptake of synaptic glutamate by the EAAT2 glutamate transporter (Cleveland and Rothstein, 2001) , it is possible that astrocytes are themselves direct targets for SOD1-mediated toxicity and that the resulting injury of astrocytes promotes disease progression.
Bax translocation is regarded as necessary for the mitochondrial release of cytochrome c (Crompton, 2000; Desagher et al., 1999) . However, in this study we found that attenuation of Bid cleavage, in spite of conspicuous Bax translocation, appeared sufficient to impede mitochondrial release of cytochrome c and activation of caspase-9 and -3 in spinal cords of transgenic SOD1 G93A /M17Z mice. This in vivo finding is consistent with the demonstration that ablation of Bid protects the liver against mitochondrial-dependent PCD regardless of the presence of Bax (Yin et al., 1999) . So far, it is still uncertain how Bax and Bid initiate the release of cytochrome c from the mitochondria, but several lines of evidence indicate that in certain cell systems Bax depends on Bid for its subsequent insertion into the mitochondria (Eskes et al., 2000; Korsmeyer et al., 2000; Wei et al., 2001; Zhao et al., 2001) . For instance, it has been shown that the association of Bid with Bax on the surface of the outer mitochondrial membrane triggers Bax conformational change which, in turn, facilitates Bax mitochondrial insertion and enhances its potency in releasing cytochrome c (Crompton, 2000; Desagher et al., 1999) .
In the present study we found that the apical caspase-8 is activated in spinal cords of transgenic SOD1 G93A mice, but only detected quite late in the course of the disease. This suggests that, while activated caspase-8 may still participate in the mutant SOD1-induced cell death process at this advanced stage of the disease, it is unlikely that it plays a major role in the apoptotic machinery at earlier stages. Activation of caspase-8 has been reported to occur primarily by the stimulation of the tumor necrosis factor (TNF) and Fas pathways (Juo et al., 1998) which are believed to (Varfolomeev et al., 1998) play an important role in initiating PCD in neurodegenerative paradigms such as ischemic shock (Martin-Villalba et al., 1999) or spinal cord injury . Therefore, should caspase-8 activation in transgenic SOD1 G93A mice be shown to be a faithful marker of TNF/Fas pathway involvement, then our data would argue that this pathway is not instrumental in the ignition of the apoptotic cascade in this mouse mode of ALS. Alternatively, caspase-8 activation in transgenic SOD1 G93A mice may result from a feed-forward loop involving the mitochondrial/caspase-9 cell death pathway (Hakem et al., 1998; Slee et al., 1999) which may explain why caspase-8 activation appears as a late event in this model.
It is also worth noting that the late activation of caspase-8 in transgenic SOD1 G93A mice is in striking   FIG. 6 . Effect of caspase-1 inhibition on caspase-9 and -3 activation. Western blot analyses reveal that transgenic M17Z/mSOD1 mice age-matched (AM) with end-stage transgenic mSOD1 mice exhibit no active caspase-9 and -3, this latter being detected using the CM1 antibody. However, end-stage (clinical-matched, CM), double transgenic M17Z/mSOD1 mice exhibit activation of caspase-3 and -9 comparable with those detected in end-stage transgenic mSOD1 mice.
contrast to previous reports including our own showing an earlier activation of caspase-1 in these animals (Pasinelli et al., 1998) . In connection with this it must be emphasized that in this model the time course of Bid cleavage is more consistent with that of caspase-1 activation than with that of caspase-8. This observation, together with the finding of an attenuated Bid cleavage in transgenic SOD1 G93A /M17Z mice, suggests an actual role for caspase-1 in the cleavage of Bid. Relevant to this is the in vitro demonstration by Li et al. (1998) in Fig. 3A that wild-type Bid can be completely cleaved not only by caspase-8 but also by caspase-1. Thus, while we cannot rule out that mutant caspase-1 M17Z interferes with other caspase family members, the inhibitory effect of M17Z on caspase-1 in vivo (Friedlander, 2000) and the ability of caspase-1 to cleave Bid in vitro (Li et al., 1998) are consistent with our interpretation.
The actual position of caspase-1 within the apoptotic machinery remains a debated issue (Yuan and Yankner, 2000) . The present study strengthens the apical location of caspase-1 within the PCD cascade, upstream to the central mitochondrial point (Slee et al., 1999) in ALS neurodegenerative process and provides some hints into the molecular basis underlying the survival extension found previously in transgenic SOD1
G93A /M17Z mice (Friedlander et al., 1997a) . If, as shown here, caspase-1 inhibition seems to have dramatic molecular effects on PCD, its clinical translation, however, is limited to a prolonged survival, but does not halt the disease in these mice (Friedlander et al., 1997a; Li et al., 2000) . It is thus likely that, while the disease progresses, the mSOD1-mediated death signal intensifies, which ultimately either overrides the reversible blockade of PCD imposed by caspase inhibition, or allows recruitment of alternative PCD pathways normally not in play in mSOD1-induced neurodegeneration. On the other hand, it is also possible that neurodegeneration in transgenic mSOD1 is multifactorial in nature, hence requiring the combination of effective strategies targeting PCD and other cellular perturbations (e.g., oxidative stress, energy crisis) to achieve optimal neuroprotection.
EXPERIMENTAL METHODS
Time-Course of Behavioral Abnormalities in Transgenic mSOD1 Mice
As previously described (Vukosavic et al., 2000) , the first behavioral abnormality appeared at about 3 months of age in transgenic mSOD1 mice and consisted of a fine tremor and posturing of a least one limb when the animal was held in the air by the tail. Then, progressively, the animals became paralyzed, could not eat, drink, or move freely, and then were killed at about 5 months of age, corresponding to the end stage.
Animals
Two lines of hemizygous transgenic mice were used: (i) line G1H (Jackson Laboratory; Bar Harbor, ME), that carried a substitution of glycine by alanine at the codon 93 of the human SOD1 protein and expressed about 18 copies of human mutant SOD1 gene (Gurney et al., 1994) ; and (ii) line M17Z that carried at codon 285 the substitution of cysteine by glycine in the active-site of caspase-1 protein. This transgenic mouse line expressed a dominant negative inhibitor of caspase-1 under the control of NSE promoter (NSE-M17Z) (Friedlander et al., 1997b) . Some transgenic mSOD1 mice were crossed with transgenic M17Z mice to produce double transgenic mSOD1/M17Z mice. On postnatal day 14, all mice were genotyped as performed previously (Kostic et al., 1997) .
Total RNA Extraction and RT-PCR
Total RNA from both whole spinal cords and cerebella obtained from mice at different stages of the disease (n ϭ 4-6 per group) were prepared using RNeasy kit (QIAGEN Inc., Valencia, CA) according to the manufacturer's instructions. Reverse transcriptase (RT) steps were performed using Superscript first-Strand Synthesis System (GibcoBRL, Life technologies, Rockville, MD). Normalization of cDNA amounts was performed by PCR on a thermal cycler (GeneAMP PCR system 9700) using primers for glyceraldehyde-3-phosphate dehydrogenase (gapdh; forward primer: 5Ј-GTT TCT TAC TCC TTG GAG GCC AT-3Ј; reverse primer: 5Ј-TGA TGA CAT CAA GAA GTG GTG AA-3Ј) for a total of 22 cycles. The bid primer sequences were: forward primer 5Ј-AGC TAG CCG CAC AGT TCA TG-3Ј and reverse primer 5Ј-AGC TGT TCT CTG GGA CCT GTC-3Ј. The PCR reaction mixture contained 1 l of cDNA template, 20 pmoles of each primer and 18 l of Supermix (GibcoBRL). The PCR condition for bid primers was 1 min at 94°C, 1 min at 55°C, 1 min 30s at 72°C for a total of 30 cycles; the conditions for each PCR amplification resulted in an exponential amplification range for quantification of each mRNA. PCR products were then separated on a 1.5% agarose gel and visualized by ethidium bromide staining. The use of the bid primers yielded one band (358 bases) and corresponded to bid expression as verified by sequencing. Negative control (PCR without added cDNA) was performed. The relative intensity of ethidium bromide-stained bands was determined using an AGFA densitometer, and data were analyzed using the NIH Image 1.62 software. The results were obtained from three independent PCR reactions, performed with 2 different RT.
Protein Extraction
Total protein was extracted from frozen whole spinal cords (n ϭ 4-6 per group) of transgenic mSOD1 mice at asymptomatic stage (AS, ϳ1-month-old), at the beginning of symptoms (BS, and at the end stage (ES, ϳ5-month-old), and from their age-matched littermates. Tissues were homogenized in 10 vol (w/v) of cold buffer consisting of: 0.25% NP-40, 142.5 mM KCl, 5 mM MgCl 2 , 10 mM Hepes, pH 7.2, and protease inhibitor cocktail (Complete mini, Boehringer-Mannheim, Indianapolis, IN). Homogenates were centrifuged (13,000g, 20 min, 4°C) and protein concentrations of the supernatants were determined using BCA protein assay (Pierce, Rockford, IL). Protein extraction of both mitochondrial and cytosolic fractions was performed using fresh spinal cords as previously described (Guégan et al., 2001) . Briefly, mitochondrial and cytosolic fractions were extracted from fresh spinal cords (n ϭ 4-6 per group) obtained from transgenic mSOD1 mice and their non-transgenic littermates. Tissues were gently homogenized with a glass/glass homogenizer in 10 vol (w/v) of cold buffer consisting of: 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl 2 , 2 mM EDTA, 20 mM HEPES and protease inhibitor cocktail. Homogenates were centrifuged (500g, 5 min, 25°C) and supernatants were collected and centrifuged (13,000g, 20 min, 4°C) . Resulting pellets were designated mitochondrial fractions while supernatants were further centrifuged (100,000g, 60 min, 4°C). Resulting supernatants were designated cytosolic fractions. To verify the relative mitochondrial purification, each fraction was subjected to Western blotting for ␤-actin as a cytosolic marker using a mouse monoclonal antibody anti-␤-actin (clone AC15, Sigma, St Louis, MO) and cytochrome c oxidase (COX) as a mitochondrial marker using a mouse monoclonal antibody anti-COX subunit IV (Molecular Probes, Eugene, OR).
Western Blot Analysis
Proteins (30 -80 g) were electrophoresed through a 10 -15% SDS-polyacrylamide gel and blotted to nitrocellulose membrane. Blots were probed with the following primary antibodies: a rabbit polyclonal caspase-8 antibody (SC-7890, Santa-Cruz Biotech Inc., Santa Cruz, CA; 1/200 final dilution), a goat polyclonal anti-Bid antibody (R&D Systems, Minneapolis, MI; 1/500 final dilution), a mouse monoclonal anti-Bax antibody (SC-7480, Santa-Cruz Biotech Inc., 1/250 final dilution for both fractions), a mouse monoclonal cytochrome c antibody (clone 7H8.2C12, Pharmingen, San Diego, CA; respectively 1/1,500 and 1/10,000 final dilutions for cytosolic and mitochondrial fractions), a mouse monoclonal antibody anti-␤-actin (clone AC15, Sigma), a mouse monoclonal antibody anti-COX subunit IV (Molecular Probes), a rabbit polyclonal anti-caspase-9 antibody recognizing the pro-and cleaved forms (AAP-109, Stressgen Biotechnologies Corp., Victoria, BC, Canada; 1/1000 final dilution), and a rabbit polyclonal antiactive caspase-3 (CM1) antibody generously provided by Dr. Anu Srinivasan (IDUN Pharm., Inc., San Diego, CA; 1/1000 dilution). Bound primary antibody was detected using a horseradish-conjugated anti-IgG antibody (Amersham, Arlington Heights, IL) and the reaction was visualized by using enhanced chemiluminescent substrate (SuperSignal Ultra, Pierce). The film (Kodak BioMax MS) was scanned on a 1200U Epson, and bands were quantified by using the NIH-Image 1.62 software.
Bid Immunohistochemistry
This was performed following our standard protocol as previously described (Kostic et al., 1997) . In brief, after being fixed by perfusion, spinal cords were dissected out from the spine on ice, postfixed by immersion in 4% paraformaldehyde in phosphate buffer (PB; pH 7.1; 4 h, 4°C), cryoprotected in 20% (w/v) sucrose in PB, and frozen by immersion in isopentane cooled on dry ice. Frozen spinal cord samples were cut (40 m) in a cryostat and 10 -20 serial sections from lumbar (L3) levels were collected in ice-cold PB free floating, and then successively rinsed (3 ϫ 5 min) in 0.1 M PB (pH 7.4) containing 9 gr/L NaCl (PBS), incubated in 3% normal serum (NS) in PBS (60 min, 25°C), and incubated for 48 h (4°C) in a 1:300 rabbit polyclonal anti-Bid antibody (Pharmingen) diluted in PBS containing 3% NS; this antibody was raised against a synthetic peptide corresponding to the amino acids 129 -146 of Bid and thus recognizes both the full-length and the cleaved forms of Bid. After 3 ϫ 5-min rinses in PBS, sections were successively incubated (1 h, 25°C) in biotinylatedconjugated polyclonal anti-IgG antibody (1:200; Vector, Burlingame, CA), rinsed (3 ϫ 5 min) in PBS, incubated in horseradish-conjugated avidin/biotin complex (Vec-tor), rinsed (3 ϫ 5 min) in PBS, and incubated in diaminobenzidine/H 2 O 2 . Some sections were also coincubated with anti-Bid antibody and specific nuclear protein (NeuN; 1:5000; monoclonal; Chemicon, Temecula, CA), GFAP (1:500; monoclonal; BoehringerMannheim, Indianapolis, IN), or MAC-1 (1:250; monoclonal; Serotec, Raleigh, NC). Sections were then incubated with a Texas red-conjugated anti-mouse antibody and a biotinylated-conjugated anti-rabbit antibody with fluorescein-conjugated avidin (Vector) and examined by confocal microscopy.
Caspase-8 Activity Assay
Proteins were extracted from entire spinal cords and cerebella of nontransgenic mice, and transgenic SOD1 G93A mice at asymptomatic, early, and end stages (n ϭ 5 for each group). Tissues were then homogenized in cold buffer consisting of: 25 mM Hepes pH 7.5, 5 mM MgCl 2 , 2 mM EDTA, 0.1% Triton X100, 2 mM dithiothreitol (DTT), 1 mM PMSF, 10 g/ml leupeptine, 2 g/ml aprotinin. Homogenates were centrifuged at 13,000g for 30 min at 4°C and supernatants collected. Proteins (100 g) were incubated in caspase assay buffer (50 mM Hepes, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10 mM DTT) and enzymatic reaction was started by addition of the fluorogenic substrate (0.2 mM of Ac-IETD-AFC, Biomol Research Laboratories, Plymouth Meeting, PA). After incubation at 37°C for 2 h, the release of AFC that reflects the substrate cleavage was measured with a Perkin-Elmer LS 50B spectrofluorometer (excitation 400 nm, emission 505 nm). Fluorescent arbitrary units were converted into moles of AFC released per hour and per mg protein using a standard curve of free AFC (Sigma, A8401).
